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[57] ABSTRACT

A method and apparatus for controlling the level of
power transferred through a stand-alone wind power
generating system utilizing a wind turbine whose output
1s converted to electrical power by means of an induc-
tion generator are disclosed. In the disclosed system,
the velocity of the wind incident upon the blade of the
turbine is sensed by a velocity sensor. This information
1s then used to vary the excitation frequency applied to
the generator to adjust the shaft speed of the turbine in
proportion to the change in wind velocity. The excita-
tion frequency 1s adjusted in accordance with a control
algorithm so that the power output of the system is
equal to a maximum fraction of available wind power at
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WIND TURBINE MAXIMUM POWER TRACKING
DEVICE

BACKGROUND OF THE INVENTION

This invention relates to wind power systems, and
more particularly to a method and apparatus for con-
trolling the level of power transferred through a stand-
alone wind power generating system.

Wind power generating systems convert available
wind power to electrical power. Many are stand-alone
In that they are not connected to utility systems. Typi-
cally, such stand-alone systems incorporate large gener-
ators and large energy storage sub-systems to provide
sufficient electrical energy during periods of low wind
or no wind conditions. The cost of such equipment can,
however, be somewhat expensive.

It has been found that maximizing the energy gener-
ated at low wind speeds is critical to system optimiza-
tion, especially in minimizing energy storage size and
cost. Often, in an effort to reduce the size of the genera-
tor and the energy storage sub-system such generating
systems will incorporate blade pitch control so as to
maximize the energy generated at low wind speeds.
While this approach can result in a reduction of the size
of the generator and storage sub-system, a problem
arises in that this approach also severely limits turbine
power transfer, causing the amount of the reduction to
be limited.

SUMMARY OF THE INVENTION

Thus, the primary object of the present invention is to
provide a method and apparatus for controlling the
level of power transferred through a stand-alone wind
power generating system so that the system constantly
‘transfers a maximum fraction of available wind power.
Another object of the present invention is to provide

a method and apparatus for controlling the level of

power transferred through a stand-alone wind power
generating system that utilizes a wind turbine whose
output 1S converted to electrical power by means of an
induction generator by varying the excitation frequency
applied to the generator.

A further object of the present invention is to provide

a method and apparatus for controlling the level of

power transferred through a wind generating system
which will allow the system’s generator size and energy
storage sub-system size to be significantly reduced.

THEORETICAL BACKGROUND

Wind turbines are designed to extract power from the
wind. The power output of a wind turbine, based on an
average wind velocity (V), can be expressed as follows:

P (1)

Py = ""2_ Cp(ﬂs
where p=air density, and C,=the power coefficient of
the turbine.

The power coefficient, C,, of any turbine is a function
of the tip speed ratio of the turbine’s blade. Thus, for
any given blade design and pitch angle, C, is related to
tip speed ratio, A, by a curve which takes the approxi-
mate form shown in FIG. 1. It can be seen from this
curve that there is one value of A, defined as A,,, at
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which a maximum power coefficient, defined as Cpy,
OCcurs.

Tip speed ratio 1s defined as follows:

R w

A = S

V

(2)

where R =blade radius, V =instantaneous wind veloc-
ity, o =27N, and N=turbine shaft velocity (rpm).

By substitution and rearrangement, equation (2) can
be rewritten as: '

A (3)
2R

N
o =
and, at A=constant=A\,,,

(4)

Thus, for any specific wind regime, where the tip
speed ratio, A=a constant value =A\,,,

(5)

N %
Ay

Equation (5) defines the relationship between the
shaft velocity, N, of a wind turbine and the instanta-
neous wind velocity, V, incident upon the turbine when
the tip speed ratio, A, is held to a constant value equal to
Am, the point at which a maximum power coefficient
Cpm, and thus maximum turbine power output, is
achieved. Equation (5) suggests that a wind generating
system can constantly transfer a maximum fraction of
available wind power for varying wind velocities by
adjusting the turbine shaft velocity to track changes in
the instantaneous wind velocity incident upon the tur-
bine. As the turbine shaft velocity N is adjusted to track
the changes in the instantaneous wind velocity V so as
to maintain a predetermined ratio between the two
variables, tip speed ratio A is held to a constant value
equal to Ay, the point at which a maximum power coef-
ficient Cp1s achieved. Thus, maximum power output is
always achieved.

SUMMARY OF THE SOLUTION

The present invention is directed toward a method
and apparatus for controlling the level of power trans-
ferred through a stand-alone wind power generating
system which uses 2 wind turbine whose output is con-
verted to electrical power by means of an induction
(asynchronous) generator. The present invention uti-
lizes a variable excitation frequency to vary the shaft
speed of the generator in response to wind velocity
changes. The excitation frequency is indirectly con-
trolled by a wind velocity sensor which senses changes
in the velocity of the wind incident upon the turbine. As
the velocity of the wind changes, the excitation fre-
quency 1s adjusted proportionately to adjust the shaft
speed of the generator. Since the generator is mechani-
cally coupled to the wind turbine, adjustments in the
shaft speed of the generator result in proportional ad-
justments in the shaft speed of the turbine. Thus, in
essence, equation (5) is solved on a continuous basis to
provide the necessary control for maximum power
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output for all wind velocity variations except wind gust
variations that can not be tracked by the turbine/gener-
ator combination because of inertial constraints.

The present invention also uses a parasitic load for
frictionless braking so as to avoid operation of the gen- 5
erating system at damaging, excessive wind speeds. The
parasitic load is also used to dissipate any excess power
generated by the system when the sum of external load
power and energy storage device charge requirements
1s less than the total generated power.

DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a graph showing a power coefficient (C))
versus blade tip speed ratio (A) curve for a typical wind
turbine.

FIG. 2 1s a graph showing power production versus
wind velocity loci for three operating modes of the
stand-alone wind power generating system used with
the present invention. |

FIG. 3 is a block diagram showing the components of 20
the present invention controlling a stand-alone wind
power generating system.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The curve 10 of FIG. 1 represents the relationship at
fixed blade pitch between a typical wind turbine’s
power coefficient (Cp) 11, and the turbine’s blade tip
speed ratio (A) 12. To allow the turbine to transfer a
constant, maximum fraction of available wind power 3°

for fluctuating wind velocities incident upon the tur-
bine’s blade, it is desirable to maintain the tip speed ratio

12 at a constant value A,,, shown at 13, which corre-
sponds to the maximum power coefficient (Cyp,) 14 of
the turbine. Since the power output of a turbine at any 33
given time is a function of its power coefficient at that
time, by holding A constant at the value A, for varying
wind velocities, a turbine’s power coefficient can be
maintained at Cp,, so as to achieve maximum power
output over the range of wind velocities. Since A is a 40
function of the turbine’s shaft velocity N, A can be held
constant at the value Ay, by adjusting the shaft speed of
the wind turbine in proportion to changes in the wind
velocity.

F1G. 3 shows a typical stand-alone wind power gen-
erating system and one embodiment of the present in-
vention used to control power transfer through the
system.

The stand-alone system utilizes a wind turbine 20
having a blade 21. The turbine 20 drives a speed increas-
ing gear box 22 by means of its shaft 23. The gear box 22
in turn drives an induction (asynchronous) generator 24
by means of a second shaft 25 interconnected between
the gear box and the generator.

The generator’s excitation is supplied by a static in-
verter 26 which can be varied in frequency. The wind
system 1s operated so that the generator shaft speed is
above synchronous speed by the “negative slip” neces-
sary to generate electrical power. The frequency of the
output voltage of the generator 24 is controlled by the
frequency of the excitation voltage applied to the gener-
ator by the inverter 26. Thus, the shaft speed of the
generator can be expressed as follows: |
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p)

4

-continued

wheére 7

e synchronous rpm at inverter frequency, and
!

p = slip fraction related to available mechanical power,

In the preferred embodiment of the invention. s varies
from O to about 0.03.

FIG. 2 shows three system power production versus
wind velocity loci 30. The horizontal axis of the graph
of FIG. 2 represents the instantaneous velocity of the
wind 31 incident upon the turbine blade 21 of the wind
power generating system, while the vertical axis of the
graph represents the power output 32 of the total sys-
tem. It can be seen from loci 30 that the power output of
the wind power generating system is a function of the
velocity of the wind incident upon the system.

Loci 30 represent three different operating modes of
the system. For example, locus 33 is the velocity-power
locus of the system when it is operating with a constant
excitation frequency applied to generator 24. Under this
operating mode, the system ‘“‘cuts in” or begins to pro-
duce sensible power at a wind velocity V 34 (see graph).
Under this operating mode as the velocity of the wind
incident upon the system increases, the output power of
the system also increases proportionately.

Locus 35 i1s the velocity power locus of the system
when the excitation frequency applied by inverter 26 to

generator 24 1s varied in response to changes in the
velocity of the wind incident upon the turbine. The

upper limit of the excitation frequency is set to corre-
spond to a point 36 on power velocity locus 35 which
represents a nominal power output, P, 37 at mean wind
velocity V 38.

For power velocity locus 35, the operation of the
present invention i1s as follows. A velocity sensor 40
senses the velocity of wind 41 incident upon blade 21 of
turbine 20. This data is passed by velocity sensor 40 via
a typical communication link 42 to a controller 43.
After controller 43 receives the wind velocity data from
sensor 40 1t causes variable inverter 26 to adjust the
excitation frequency applied to generator 24 so as to
adjust the shaft speed of generator 24 in response to
changes in the velocity of wind 41. Since the shaft of
generator 24 1s mechanically linked to shaft 23 of tur-
bine 20 through shaft 25 and gear box 22, variations in
the speed of generator 24’s shaft will ultimately cause
variations in the speed of turbine shaft 23.

Controller 43 1s designed to implement equation (5) in
that it seeks to constantly maintain a pre-determined
ratio between the velocity of wind 41 and the speed of
turbine shaft 23 by causing the excitation frequency
applied to generator 24 to be varied accordingly. In the
preferred embodiment controller 43 is a microcoms-
puter. However, 1t 1s to be understood that other circuit
configurations could also be used.

For 1nitial system operation the excitation frequency
s set at its upper limit so that the wind power generat-
ing system will generate nominal power output P,37 for
mean wind velocity V 38. Once the velocity of the wind
41 incident upon turbine 20 drops below the velocity V
38, velocity sensor 40 senses the change and transmits
this fact to controller 43. Controller 43 in turn causes
inverter 26 to adjust the excitation frequency applied to
generator 24 so as to satisfy the requirements of equa-
tion (5). To the extent the system fulfills the require-
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ments of equation (5) the system will produce maximum
power for the wind available (locus 35).

The wind power generating system, when used in
conjunction with the present invention, will “‘cut in” or
begin to produce sensible power at a wind velocity V 5
45. As the velocity of wind 41 increases above wind
velocity V 45 the excitation frequency provided by
inverter 26 is adjusted so that the power output of the
system continues to track locus 35. As the velocity of
the wind increases toward a velocity V 38, controller 43 10
causes inverter 26 to increase the excitation frequency
further so that the power output of the system continues
to track locus 35. If the wind continues to increase in
velocity beyond velocity V' 38, controller 43 causes
mverter 26 to hold the excitation frequency constant 15
until the wind velocity reaches a clip velocity V 46. At
V 46 the excitation frequency is reduced toward zero to
assist in stalling the turbine. At this point the wind gen-
erating system begins to operate in accordance with
locus 50. 20

Locus 50 of FIG. 2 represents the braking character-
istics of the system. Once the velocity of wind 41 ex-
ceeds value V 46, sensor 40 informs controller 43 of this
event. Thereafter, the controller causes inverter 26 to
reduce the excitation frequency applied to generator 24 25
toward zero. Controller 43 also causes a parasitic load
51 to be increased. By combining a reduction of the
excitation frequency with an increase in parasitic load
51, the speed of shaft 23 i1s dropped to zero. This is
begun at a safe output power 52 and a safe wind veloc- 30
1ty V 46, and completed at a wind velocity V 53. The
reduction of the excitation frequency in combination
with an increase in parasitic load 51 (needed in any case
for stand-alone conditions) provides the frictionless
braking neeéded to avoid operating the system at damag- 35
ing, excessive wind speeds. The braking function shown
in FIG. 2 as locus 50 is set so that no generator or tur-
bine damage occurs and large load dump ratings are not
needed. The result i1s that power output falls to zero
(stalled turbine) at a wind velocity V 53 which is less 40
than the maximum allowable stress wind velocity that
the system 1s capable of handling.

During normal operation of the present invention,
wind turbine 20 drives gear box 22 at a low speed, and

generator 24 at a higher speed. In the preferred embodi- 45 '

ment, typical values for 60 hertz excitation frequency
operation are a turbine shaft speed of approximately 70
rpm, and a generator shaft speed of approximately 1,830
rpm. Because the generator’s shaft is directly linked to
the turbine’s shaft, the relationship between the excita- 50
tion frequency used to control the speed of the genera-
tor’s shaft and the velocity of wind incident upon the
turbine can be represented by a straight line.

The frequency of the output voltage generated by the
“system 1s set by the excitation frequency of inverter 26. 55
Thus, the frequency of the output voltage will vary as
the excitation frequency applied by the inverter to the
generator 1s varied for control purposes.

For start-up of the system, inverter 26 is powered by

an energy storage sub-system 55. However, during nor- 60

mal operation 1ts power is supplied from generator 24.
Under normal operating conditions generator 24 will
provide electric power to an external load (not shown).
Simultaneously, a portion of the power generated by
generator 24 will be stored in energy storage sub-system 65
55. However, for conditions where the external load is
satisfied, and energy storage sub-system 55 is fully
charged, and available wind power exceeds demand,
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parasttic load 51 will absorb the balance of available
power provided by generator 24.

Thus, according to the invention a wind power gen-
erating system operating in conjunction with the pres-
ent mvention will produce a variable frequency AC
voltage which will track the frequency of the excitation
voltage applied to generator 24. The excitation fre-
quency must initially be set as a value that will avoid
magnetic saturation in the generator and other iron core
components of the system.

The major advantages of the present invention is that
the amount of energy generated at relatively low wind
speeds can be maximized. This makes it practical to use
a stand-alone wind power generating system in loca-
tions where most of the wind energy available occurs at
low wind velocities. In fact, while a typical stand-alone
wind power generating system will begin producing
sensible power at wind velocities of approximately 15
miles per hour, the wind power generating system
shown in FIG. 3, when used in combination with the
present mnvention, can begin producing sensible power

‘at wind velocities of 6 miles per hour. The result is that

the size of generator 24 and energy storage sub-system
55 may be significantly reduced because recharging will
be more frequent, and less discharge energy will be
expended.

The above-described embodiment of the invention is
illustrative, and modifications thereof may occur to
those skilled in the art. The invention is not limited to
the embodiment disclosed herein, but is limited only as
defined by the appended claims. |

What is claimed is: |

1. In a stand-alone wind power generating system
having a wind turbine driving a generator connected to
an external load and an energy storage device, the im-
provement comprising a maximum power tracking de-
vice comprising:

means for measuring changes in the velocity of wind

incident upon the turbine, |

means for applying an excitation frequency to the

generator, said generator being an induction gener-
ator, and | |

means for varying said excitation frequency in re-

sponse to said wind velocity changes so that the
shaft speed of the induction generator, and thereby
of the wind turbine are adjusted to maintain a pre-
determined ratio between said wind velocity inci-
dent upon the turbine and said turbine shaft speed.

2. A stand-alone wind power generating system capa-
ble of transferring a constant, maximum fraction of
available wind power to an external load and an energy
storage device comprising:

a wind turbine,

an induction generator driven by said turbine, and
connected to the external load and energy storage
device,

means for applying an excitation frequency to said
induction generator,

means for measuring changes in the velocity of wind
incident upon said turbine, and

means for varying said excitation freguency in re-
sponse to said wind velocity changes so that the
shaft speed of said induction generator, and

thereby of said turbine are adjusted to maintain a

pre-determined ratio between said wind velocity

incident upon the turbine and said turbine shaft
speed.
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3. A power generating system as recited in claims 1 or
2 further comprising means for dissipating excess power
generated by the generator not consumed or stored by -
the external load or the energy storage device, respec-
tively. 5

4. A power generating system as recited in claim 3
further comprising means for varying said dissipating
means in response to changes in the power output of the
generator or a wind velocity incident upon the turbine
above a pre-determined velocity. 10

5. A power generating system as recited in claim 4
wherein said means for varying said dissipating means
increases said dissipating means above a pre-determined
value and said excitation frequency vary means de-
creases said excitation frequency to zero when said 15
wind velocity incident upon said turbine exceeds a pre-
determined value so that said turbine shaft speed is
dropped to zero.

6. A power generating system as recited in claim 5
wherein said excitation frequency varying means and 20
said means for varying said dissipating means are both a
microcomputer.

7. A power generating system as recited in claim 6
wherein said measuring means is a wind sensor.

8. A power generating system as recited in claim 7 25
wherein said excitation applying means is a variable
Inverter.

9. A stand-alone wind power generating system capa-
ble of transferring a constant, maximum fraction of
available wind power to an external load and an energy 30
storage device comprising:

a wind turbine having a blade thereon,

an induction generator driven by said turbine, and
connected to the external load and energy storage

device, 35
a variable inverter for applying excitation voltage of
varying frequency to said induction generator,
a wind velocity sensor for sensing the velocity of
wind incident upon said blade, and
a controller for measuring changes in the wind veloc- 40
ity sensed by said sensor, and for controlling said
variable inverter to vary said frequency in response
to said wind velocity changes so that the shaft
speed of said induction generator, and thereby of
said turbine are adjusted to maintain a pre-deter- 45
mined ratio between said wind velocity incident
upon said blade and said turbine shaft speed.
10. A power generating system as recited in claim 9
further comprising a variable parasitic load connected
to said induction generator to dissipate any excess 50
power generated by said induction generator not con-
sumed or stored by the external load or the energy
storage device, respectively.
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11. A power generating system as recited in claim 10
wherein said controller varies said variable parasitic
load 1n response to changes in the power output from
the induction generator or excessive wind velocity inci-
dent upon said blade.

12. A power generating system as recited in claim 11
wherein said energy storage device stores power gener-
ated by said induction generator.,

13. A method of controlling the level of power trans-
ferred through a stand-alone wind power generating
system utilizing a wind turbine driving a generator con-
nected to an external load and an energy storage device
comprising the steps of:

measuring the velocity of wind incident upon the

turbine,

determining whether or not a change has occurred in

said wind velocity, and if so,

varying the excitation frequency applied to the gener-

ator in response to said change so that the shaft of
the generator, and thereby of the turbine are ad-
justed to maintain a pre-determined ratio between
said wind velocity incident upon the turbine and
said turbine shaft speed, said generator being an
induction generator.

14. A method of controlling the level of power trans-
ferred as recited in claim 13 further comprising the step
of dissipating any excess power producted by the induc-
tion generator not consumed or stored by the external
load or the energy storage device, respectively, with a
dissipating means that is varied in response to changes
in saild excess power.

15. A method of controlling the level of power trans-

fer as recited in claim 14 further comprising the steps of
increasing said dissipating means and reducing said

excitation frequency when said wind velocity incident
upon said turbine exceeds a pre-determined value so
that said shaft turbine speed is dropped to zero.

16. A power generating system as recited in claims 1
or 2 wherein said excitation frequency has a value cor-
responding to a nominal power output by the wind
power generating system when said wind velocity is a
mean value.

17. A wind power generating system as recited in
claim 9 wherein said frequency of said excitation volt-
age i1s 1nitially set at an upper limit so that the wind
power generating system generates a nominal power
output for a mean wind velocity.

18. A method as recited in claim 13 further compris-
ing the step of initially setting said excitation frequency
at an upper hmit so that the wind power generating
system generates a nominal power output for a mean

wind velocity.
* K ¥ * £
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